Introduction
============

Motorcycle crashes are a common cause of mortality worldwide, resulting in more than 100 000 fatalities in America since 1975.[@ref1] [@ref2] [@ref3] Motorcycle crashes in the United States account for nearly 5000 deaths annually, amounting to about one in seven road traffic fatalities and \$6.0bn (£4.5bn; €5.1bn) to \$12bn in societal costs.[@ref4] The average motorcyclist in the US faces a greater risk of death than a drunk driver with no seatbelt traveling the same distance.[@ref5] [@ref6] Unlike the case with other vehicles, few advances in engineering and enforcement in recent years have been effective at reducing motorcycle related fatalities.[@ref7] [@ref8] [@ref9] For millions of adults, riding a motorcycle may be perhaps the single most dangerous behavior engaged in on a regular basis.[@ref10]

A full moon occurs about 12 times a year and has been a source of fascination since antiquity.[@ref11] It grabs people's attention, has been the subject of popular books and songs (ranging from "After the Gold Rush" by Neil Young to "Amazing" by Kanye West), is the topic of legends and myths worldwide, and is a frequent image in advertising campaigns.[@ref12] [@ref13] [@ref14] [@ref15] [@ref16] We hypothesized that because people's attention is naturally drawn to a full moon, it might contribute to fatal motorcycle crashes.[@ref17] In particular, glancing at a full moon takes the motorcyclist's gaze off the road, which could result in a loss of control.[@ref18] A full moon might also lead to changes in surrounding traffic behaviors, such as distracting other motorists or pedestrians from noticing an oncoming motorcycle.[@ref19]

For safe motorcycling, riders need to orient their attention, ignore distractions, and continuously monitor the dynamic surroundings. Research on perception distinguishes between goal directed attention and stimulus driven attention, the latter denoting moments where attention is temporarily diverted by an extraneous object.[@ref20] [@ref21] The three features most likely to attract stimulus driven attention are large size, bright luminance, and abrupt onset,[@ref22] [@ref23] [@ref24] all of which the full moon possesses (including occasional abrupt onset when the full moon suddenly appears after being occluded). To test for potential distraction, we analyzed the largest database available in the US with the most rigorous safety data to ascertain whether a full moon might contribute to fatal motorcycle crashes.

Methods
=======

Study setting
-------------

We obtained population based individual level road safety data for the United States from the National Highway Traffic Safety Administration. These data were accrued from the Fatality Analysis Reporting System, the official registry of fatal crashes involving a motor vehicle traveling on public roads in the United States.[@ref25] The database is freely available, has been validated in past research, is subjected to ongoing scrutiny, and exceeds a million total deaths.[@ref26] The database encompasses only fatal crashes and has limitations owing to a lack of data on driver education, training, speed, direction, congestion, and travel distances. We included all available years from the database's inception to 2014, with no exclusions (1 January 1975 to 31 December 2014; 494 full moons).

Selection criteria
------------------

We focused on all fatal motorcycle crashes in the Fatality Analysis Reporting System. The specific database codes evolved over time and we identified the vehicle type for each calendar year (code 15 for 1975-81, code 20 for 1982-90, and code 80 for 1991-2014). This definition included street, off-road, or other motorcycle styles and excluded bicycles, scooters, snowmobiles, wheelchairs, skateboards, and all-terrain vehicles.[@ref27] The Fatality Analysis Reporting System provided further data characterizing the motorcyclist (age, sex, seating position, helmet use), vehicle (style, vintage, engine size), environment (location, century, season, weekday), and crash (vehicle count, impact location, object mobility).

Full moon nights
----------------

We defined the full moon as the one night each month when the entire facing surface was illuminated, as viewed from Earth. On rare occasions, a month had two full moons; in such cases we included both appearances (eg, 2 January 1999 and 31 January 1999). We defined nighttime as the interval between 4 pm and 8 am (16 hours) to include all hours when the full moon might be visible over the continental US (including relevant hours of dusk and dawn). The remaining interval between 8 am and 4 pm (eight hours) was defined as daytime and excluded from analysis (retained for secondary analysis). Fatalities with missing crash times (\<1%) were coded as nighttime (analyses excluding these deaths yielded slightly larger effect sizes and are not reported).

We obtained dates of a full moon from dateandtime.com, identified as the widely cited source referenced by scientific and mainstream media.[@ref28] Each full moon was further classified as a supermoon or not, depending on whether alignment coincided near to the time of closest orbital approach.[@ref29] The term supermoon was coined only recently, yet astronomical calculators at dateandtime.com were used to determine such occurrences retrospectively with no missing data. The distance between Earth and Moon is about 50 000 km closer at perigee than apogee, equal to about a 13% shorter distance and 30% increased brightness during a supermoon.[@ref30] The databases contained no information on local weather or cloud cover (thereby potentially biasing estimates to the null).

Control nights
--------------

We defined controls as the exact night one week before and one week after the full moon; for example, the full moon on Sunday 31 January 1999 was matched to control dates of Sunday 24 January 1999 and Sunday 7 February 1999. This matching ensured identical time intervals for all comparisons and directly controlled for weekday, seasonal, and yearly trends. Doing so also indirectly reduced confounding from differences in training of the motorcyclists, traffic enforcement, individual personality, road design, vehicle condition, healthcare access, and many other influences on crash deaths.[@ref31] Validation of this approach appears elsewhere in analyses of road traffic risks surrounding large societal events.[@ref32] [@ref33] [@ref34]

Statistical analysis
--------------------

For the primary analysis we used a binomial test to evaluate the average number of fatal motorcycle crashes on full moon nights compared with control nights. Stratified analyses accounted for characteristics of the motorcyclist, vehicle, environment, and crash. All P values were two tailed, with relative risk estimates calculated using exact 95% confidence intervals. Hierarchical analyses that preserved the pair matching between each full moon and corresponding control nights yielded larger effects and are reported as conditional odds ratios.[@ref35] Sensitivity analyses that additionally included the night immediately before and after a full moon yielded a greater number of excess deaths associated with a full moon with a marginally attenuated relative risk estimate and are not reported.

Further replication
-------------------

We repeated our analyses in three additional countries, with study protocols receiving approvals from the ethics board of the Sunnybrook Health Sciences Centre and corresponding agencies in each country as needed. We chose the United Kingdom, Canada, and Australia because each is similar to the United States in language, culture, demographics, healthcare, and technology.[@ref36] National traffic agencies provided available data for each country.[@ref37] [@ref38] [@ref39] Clock times were based on local hours for each time zone. The aggregated database included the United Kingdom (1 January 1986 to 31 December 2010, 309 full moons), Canada (1 January 1999 to 31 December 2014, 198 full moons), and Australia (1 January 1989 to 31 December 2013, 309 full moons).

Patient involvement
-------------------

No patients were involved in setting the research question or the outcome measures, nor were they involved in developing plans for recruitment, design, or implementation of the study. No patients were asked to advise on interpretation or writing up of results. There are no prespecified plans to disseminate the results of the research to study participants or the relevant patient community.

Results
=======

Descriptive overview
--------------------

A total of 13 029 people were in a fatal motorcycle crash during the 1482 separate nights in the United States (494 full moon nights, 988 control nights). The typical motorcyclist was a middle aged man riding a street bike with a large engine in a rural location who experienced a head-on frontal impact (table 1). Less than half were wearing a helmet. The distribution of characteristics was similar between fatal crashes on full moon nights and on control nights. All mean characteristics for the two groups were within 2% of each other, and no individual difference was statistically significant. Most crashes (73%) occurred during the hours before midnight and the remainder (27%) during the hours after midnight.

###### 

Characteristics of motorcyclists and motorcycle related variables in fatal crashes on full moon nights and control nights

  Characteristics               No (%)      
  ----------------------------- ----------- -----------
  Age (years):                              
   ≤29                          2482 (55)   4666 (55)
   ≥30                          2012 (45)   3869 (45)
  Sex:                                      
   Men                          3981 (89)   7541 (88)
   Women                        513 (11)    994 (12)
  Seating position:                         
   Driver                       3983 (89)   7572 (89)
   Other                        511 (11)    963 (11)
  Helmet protection:                        
   Yes                          1828 (41)   3386 (40)
   No                           2666 (59)   5149 (60)
  Engine displacement:                      
   ≥500 cc                      4154 (92)   7890 (92)
   ≤499 cc or missing           340 (8)     645 (8)
  Motorcycle style:                         
   Street                       3080 (69)   5831 (68)
   Other                        1414 (31)   2704 (32)
  Motorcycle vintage (years):               
   ≥3                           3036 (68)   5727 (67)
   ≤2                           1458 (32)   2808 (33)
  Region of crash:                          
   Northeast                    681 (15)    1263 (15)
   South                        1656 (37)   3177 (37)
   Midwest                      1076 (24)   2021 (24)
   West                         1081 (24)   2074 (24)
  Location:                                 
   Urban                        1473 (33)   2889 (34)
   Rural                        2143 (48)   4016 (47)
   Unclassified                 878 (20)    1630 (19)
  Period:                                   
   1975-99                      2846 (63)   5384 (63)
   2000-14                      1648 (37)   3151 (37)
  Season:                                   
   Spring-summer                3077 (68)   5910 (69)
   Autumn-winter                1417 (32)   2625 (31)
  Day of week:                              
   Weekend                      1940 (43)   3639 (43)
   Weekday                      2554 (57)   4896 (57)
  Nighttime period:                         
   4 pm-11 59 pm                3294 (73)   6158 (72)
   12 pm-8 am                   1200 (27)   2377 (28)
  Location of impact:                       
   Frontal                      3004 (67)   5698 (67)
   Other                        1490 (33)   2837 (33)
  Dynamics of collision:                    
   Stationary object            2220 (49)   4345 (51)
   Moveable object              2274 (51)   4190 (49)
  Vehicles involved:                        
   Single                       2037 (45)   4013 (47)
   Multiple                     2457 (55)   4522 (53)

Primary analysis
----------------

Overall, 4494 fatal crashes occurred on the 494 nights with a full moon, equal to 9.10 per night, and 8535 on the 988 control nights without a full moon, equal to 8.64 per night. Comparisons between the two groups yielded a relative risk of 1.05 associated with the full moon (95% confidence interval 1.02 to 1.09, P=0.005), a conditional odds ratio of 1.26 (95% confidence interval 1.17 to 1.37, P\<0.001), and an absolute total increase of 226 additional fatal motorcycle crashes over the study period ([fig 1](#f1){ref-type="fig"}). The average increase in risk amounted to one additional fatal crash associated with two full moon nights.

![Cumulative count of excess fatalities on full moon nights compared with control nights](redd040452.f1){#f1}

Tests of robustness
-------------------

The relative increase in risk associated with a full moon was consistent for crashes with diverse characteristics. A nominal increased risk extended to different locations, decades, seasons, weekdays, and crash characteristics ([fig 2](#f2){ref-type="fig"}). The increase was apparent regardless of the motorcyclists age, sex, seating position, and helmet use ([fig 3](#f3){ref-type="fig"}). Similarly, the increase was apparent for different motorcycle styles, vintages, and engine sizes. All subgroups overlapped the main analysis, none showed a contrary trend, and each subgroup with at least 5000 controls was statistically significant in isolation. The relative increase in risk was generally accentuated in rural locations and attenuated in urban locations.

![Relative risk of a motorcycle fatality on full moon nights by location, time, and type of crash](redd040452.f2){#f2}

![Relative risk of a motorcycle fatality on full moon nights by characteristics of motorcyclist and vehicle](redd040452.f3){#f3}

Daylight controls
-----------------

Secondary analyses evaluated crash risks during daytime hours on the same dates (to check for a lack of an association where no association was anticipated). The daytime hours on the 494 full moon dates accounted for 1509 fatal crashes, equal to 3.05 per day. The daytime hours on the 988 control dates accounted for 3178 fatal crashes, equal to 3.22 per day. Comparisons between the two groups yielded a relative risk of 0.95 (95% confidence interval 0.89 to 1.01, P=0.098). The absolute difference between daytime hours on full moon dates compared with control dates totaled 80 fewer people in fatal motorcycle crashes over the study interval.

Supermoon nights
----------------

A further analysis classified the 494 full moon nights as either a supermoon night or a full moon night, depending on whether alignment coincided with the time of closest orbital approach. Overall, 703 fatal crashes occurred on the 65 supermoon nights (with increased brightness and larger apparent size), equal to 10.82 per night, and 3791 on the 429 regular full moon nights, equal to 8.84 per night. Analyses yielded a relative risk during a supermoon compared with regular full moon of 1.22 (95% confidence interval 1.13 to 1.33, P\<0.001). Restricting analyses to the 65 supermoon nights and 130 corresponding control nights yielded a relative risk of 1.32 (1.20 to 1.45, P\<0.001).

Consistency between control nights
----------------------------------

In secondary analysis we compared the control night one week before a full moon night with the control night one week after a full moon night. On those nights, we reasoned, the moon was partially illuminated and visible at different hours. Specifically, a partial moon one week before a full moon is mostly seen before midnight (hidden otherwise), whereas a partial moon one week after a full moon is mostly seen after midnight (hidden otherwise). Because motorcycle crashes predominate during hours before midnight, we predicted more fatal crashes on control nights one week before a full moon than on control nights one week after a full moon. Overall, 4323 fatal crashes occurred on 494 control nights one week before a full moon and 4212 on 494 control nights after a full moon, yielding a conditional odds ratio of 1.12 (95% confidence interval 1.02 to 1.22, P=0.01).

International analysis
----------------------

A total of 2003 additional people were in fatal motorcycle crashes in the United Kingdom, Canada, and Australia during the full moon night and the control nights. The aggregated data yielded 701 fatal crashes on full moon nights, equal to 2.58 per night, and 1302 fatal crashes on control nights, equal to 2.39 per night. Comparisons between the two groups yielded a relative risk during the full moon of 1.08 (95% confidence interval 0.98 to 1.18). Examination of each country separately yielded an increase for each (range 1.06-1.12 fatal crashes per night) that overlapped the American estimate (table 2). Although these comparisons based on smaller samples were not statistically significant using simple binomial count statistics, all were consistent with the American data.

###### 

International comparisons of fatal crashes involving motorcyclists on full moon and control nights in United States and three other countries

  Countries        Full moon nights   Total motorcycle fatalities\*   Relative risk (95% CI)
  ---------------- ------------------ ------------------------------- ------------------------
  United States    494                13 029                          1.05 (1.02 to 1.09)
  United Kingdom   309                1414                            1.06 (0.95 to 1.18)
  Canada           198                209                             1.12 (0.85 to 1.49)
  Australia        309                380                             1.11 (0.91 to 1.38)
  Combined         \--                15 032                          1.06 (1.02 to 1.09)

Includes full moon night and corresponding control nights.

Discussion
==========

In this study of motorcycle related deaths in the United States over four decades we found that such deaths were more common at night, particularly during a full moon. The relative effect size associated with the full moon is small and only important because of the large number of people repeatedly exposed. Although others may have alternative interpretations because observational analyses cannot exclude the possibility of hidden confounding, we believe the findings are not easily explained as artifacts attributable to selection bias, ascertainment bias, reverse causality, fluctuating weather, subjective reporting, or random chance.[@ref40] [@ref41] [@ref42] [@ref43] [@ref44] The findings are also difficult to attribute to confirmation bias, self fulfilling prophecies, social reinforcement, paranormal phenomenon, or geophysical effects.[@ref45] [@ref46] [@ref47] [@ref48] [@ref49]

Several aspects of attention and perception could explain an association between the full moon and motorcycle fatalities. A full moon is infrequent and spectacular, thereby creating a natural distraction.[@ref50] The full moon is large and bright against a dark sky, and thus provides a striking contrast of luminance. It can appear abruptly to a motorcyclist, such as when riding around buildings, through turns, past trees, and over hills. A full moon also creates optical illusions that engender wonderment and tends to rise above the horizon in the night hours exactly at the time motorcycle crashes generally predominate.[@ref51] Beyond these, a full moon might contribute to increased outdoor activity of all types, including more frequent travel, faster speeds, longer distances, unfamiliar routes, added cross traffic, and mixtures of less experienced travelers.

Limitations of this study
-------------------------

Our study has many limitations. We did not analyze automobiles, which have a wider stable base than motorcycles, extensive protection of occupants, and engineering elements such as airbags that mitigate the risk of death associated with momentary distraction.[@ref52] We did not explore more complex Fourier statistical models of intermediate lunar phases and positions during other nights (including the new moon).[@ref53] We tested only one source of inattention whereas a motorcyclist can encounter many other distractions and traffic hazards. The shared nature of road traffic means crashes often involve other road users who also have differing reasons for travel.[@ref54] Furthermore, the consistent increased risk of death for diverse subgroups does not prove all motorcyclists are equally vulnerable because the observed confidence intervals were always wide.

An additional limitation concerns the interpretation of the magnitude of the observed association. An average motorcyclist probably spends only a small fraction of time gazing at a full moon. As a consequence, a net increase in fatal crashes associated with the full moon should show only a modest magnitude since a large increased risk would be implausible after a transient exposure.[@ref55] Moreover, a full moon is inert, distant, and familiar so the combined effects of many other roadway distractions may be much larger.[@ref56] A comprehensive understanding of crash risk is also problematic since a 5% increase in travel distances is unlikely to explain this degree of risk, whereas a 5% increase in travel speeds could easily account for an association of this magnitude.[@ref57] [@ref58]

Several other limitations merit emphasis because large scale databases lack clinical details and motorcyclists are sometimes non-conformist outliers. The extent of cloud cover, prevailing weather, and moon visibility were unknown in our study. Finer analyses of the exact start and end of night were not feasible to account for the geographic latitude of the crash site. Similarly, analyses of the exact interval of moon rise and moon set were not feasible to account for time zone longitude. The speed and direction of the motorcycle at impact were also uncertain. In addition, fallible data entry in government databases can introduce an unknown number of spurious errors. These imprecisions add extraneous observations that generally bias all comparisons to the null.

A further finding in our study was that the increased relative risk of a fatal motorcycle crash was accentuated under a supermoon. The absolute increased risk was substantial and amounted to about two additional deaths on a night with a supermoon. To the best of our knowledge, this increased risk has not been previously mentioned, even in myths around the supermoon. The observed correlation between a purely visual event and an increase in fatalities supports the theory that momentary distraction is a contributing mechanism.[@ref59] An alternative explanation is that a supermoon enhances the lighting of surrounding landscapes that may lead motorcyclists to misjudge distance and speed (analogous to the aerial perspective optical illusion experienced by aviators and mountaineers in sunlight).[@ref60] [@ref61] [@ref62] [@ref63]

Conclusion
----------

Our study suggests that extra care is needed when riding a motorcycle during a full moon. More broadly, the findings highlight the importance of constant attention when riding and could serve as a conversation starter for clinicians who care for patients who motorcycle (currently eight million in America, including survivors of cancer).[@ref64] [@ref65] [@ref66] Standard safety recommendations to avoid a crash might include maximizing visibility, wearing protective clothing, and maintaining the vehicle in excellent condition.[@ref67] [@ref68] [@ref69] Additional strategies while riding might include wearing a helmet, activating headlights, scanning the road surface for defects, respecting the weather, being wary of left turning vehicles, obeying traffic laws, and forgoing stunts.[@ref70] [@ref71] Although a momentary distraction might be difficult to avoid, attention can be immediately redirected by a cognizant motorcyclist.[@ref14]

### What is already known on this topic

1.  Millions of Americans ride motorcycles, of whom thousands will have a life threatening crash each year

2.  Fatal motorcycle crashes have increased in recent years and now account for one in seven total road traffic deaths in the United States

3.  Momentary distraction is a common contributor to road traffic deaths and explains an unknown number of fatal motorcycle crashes

### What this study adds

1.  A modest absolute increased risk of a fatal motorcycle crash was associated with the full moon in the United States

2.  The increased risk of death associated with the full moon further replicated in analyses from the United Kingdom, Canada, and Australia

3.  The increased risk of death was not necessarily caused by distraction since a full moon might also lead to more riding, faster speeds, added traffic, or other changes
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